1. Introduction {#sec1-ijms-21-03400}
===============

Bicalutamide (Bic) is a non-steroidal antiandrogen which provides blockade at tumor sites to facilitate treatment of prostate cancer (PCa) \[[@B1-ijms-21-03400]\]. Bic possesses excellent affinities to androgen receptors \[[@B2-ijms-21-03400]\], through which Bic induces apoptosis of androgen-dependent benign PWR-1E prostatic cells. However, in androgen-independent PC-3 cells, Bic also induces apoptosis by mechanisms partially inhibited by pan-caspase inhibition \[[@B3-ijms-21-03400]\].

Although Bic is deemed to be "nontoxic" and "harmless" \[[@B4-ijms-21-03400]\], a diversity of studies are emerging pointing to multiple organ injuries after its use, including hepatotoxicity \[[@B5-ijms-21-03400],[@B6-ijms-21-03400],[@B7-ijms-21-03400],[@B8-ijms-21-03400]\], cardiovascular diseases (CVDs, frequency 7% with 150 mg Bic) \[[@B9-ijms-21-03400],[@B10-ijms-21-03400]\] and many others \[[@B11-ijms-21-03400],[@B12-ijms-21-03400]\]. A report from the US Food and Drug Administration demonstrated that up to 37.5% of patients who have taken Bic therapy for 1--6 months may experience kidney failure, with an incidence rate of 94.17% for males aged over 60 years \[[@B13-ijms-21-03400]\]. Recently, the literature also revealed that Bic and leuprorelin induced tubulointerstitial nephritis, interstitial pneumonitis and liver dysfunction \[[@B6-ijms-21-03400]\]. Previously, we also recognized a Bic-increased renal-damaging effect in vitro and in vivo ([Figure S1](#app1-ijms-21-03400){ref-type="app"}) \[[@B14-ijms-21-03400]\].

Overall mechanisms of the adverse effects on organs by Bic are not well established. Some speculations indicated that Bic-induced liver injury might be due to its toxic metabolites \[[@B15-ijms-21-03400]\]. Otherwise, oxidative stress and mitochondrial toxicity might also play important roles \[[@B16-ijms-21-03400],[@B17-ijms-21-03400]\]. To date, straightforward evidence showing the renal-damaging effect of Bic therapy is still lacking.

Studies of men undergoing long-term (≥12 months) combined androgen blockade (CAB) revealed higher prevalence of diabetes mellitus (DM) and metabolic syndrome compared to controls \[[@B18-ijms-21-03400],[@B19-ijms-21-03400]\]. Administration of leuprolide and bicalutamide significantly decreased insulin sensitivity, implying the potential of androgen-deprivation therapy (ADT) to elicit DM \[[@B20-ijms-21-03400]\]. An increased degree of insulin resistance (IR) can trigger progressive renal function decline via a complex mechanism \[[@B21-ijms-21-03400]\]. Etiologically, IR was implicated in the development of glomerular hypertension and hyperfiltration \[[@B22-ijms-21-03400]\], as usually found in the initial phase of diabetic kidney disease \[[@B23-ijms-21-03400],[@B24-ijms-21-03400]\]. As is well known, metabolic and hemodynamic perturbations interact and play critical roles in the pathophysiological mechanisms leading to kidney disease progression \[[@B23-ijms-21-03400],[@B25-ijms-21-03400],[@B26-ijms-21-03400]\]. Diabetes alone has been implicated as an independent risk factor for acute kidney injury (AKI), particularly when some caustic medications are consumed \[[@B27-ijms-21-03400]\].

Alternately, Bic may exert apoptotic effects independent of its antiandrogenic ability. Bic decreases prostatic blood flow and induces apoptosis via a hypoxic pathway \[[@B28-ijms-21-03400]\]. As usual, the cellular response to hypoxia is focused on hypoxia-inducible factors (HIFs) and HIF was demonstrated to be initially activated to attenuate renal injury in a chronic kidney disease (CKD) model of a subtotal nephrectomy \[[@B29-ijms-21-03400],[@B30-ijms-21-03400]\]. Much of the literature has implicated chronic hypoxia as a common final pathway leading to the development of end-stage renal failure \[[@B31-ijms-21-03400],[@B32-ijms-21-03400]\]. Hypoxia decreases the mitochondrial membrane potential (MMP) and suppresses the mitochondrial respiratory chain function, resulting in apoptosis of glomerular endothelial cells and a failure of tissue oxygenation following kidney injury \[[@B33-ijms-21-03400],[@B34-ijms-21-03400],[@B35-ijms-21-03400]\], thereby stimulating transforming growth factor (TGF)-β-mediated fibroblast activation and contributing to renal fibrosis \[[@B36-ijms-21-03400]\]. It is worth noting that hypoxia-related genes, including cyclin G2, BCL2-interacting protein 3 (BNIP3) and glucose transporter (Glut)-1, were shown to be highly expressed in LNCaP cells treated with Bic \[[@B37-ijms-21-03400]\]. And more importantly, mitochondrial dysfunction gives rise to CKD progression irrespective of underlying causes \[[@B38-ijms-21-03400]\].

Considering that mitochondria play a critical role in cellular energy production and this phenomenon has gained much attention for its opposing roles in cell survival and cell death \[[@B39-ijms-21-03400]\], we propose that Bic might be able to evoke renal injury via lowering oxygen tension and damaging mitochondria. We performed this study to reveal such a relevant effect.

2. Results and Discussion {#sec2-ijms-21-03400}
=========================

2.1. Lactate Dehydrogenase (LDH) and Kidney Injury Molecule (KIM)-1 Are Affected by Bic in RMC Cells {#sec2dot1-ijms-21-03400}
----------------------------------------------------------------------------------------------------

LDH release was induced by Bic at 24 h in a dose-dependent manner ([Figure 1](#ijms-21-03400-f001){ref-type="fig"}a). The elevation of enzyme activity had reached 1.5- and 1.8-fold compared to the controls ([Figure 1](#ijms-21-03400-f001){ref-type="fig"}a). LDH is a soluble cytoplasmic enzyme present in almost all cells and is released into the extracellular space when plasma membranes are damaged \[[@B40-ijms-21-03400]\]. LDH activity was shown to be elevated in chronic renal failure and was also correlated with the blood urea nitrogen (BUN) level \[[@B41-ijms-21-03400]\]. KIM-1 is a type 1 transmembrane protein, which is not detectable in normal human and rodent kidneys but is markedly upregulated in acute tubular necrosis \[[@B42-ijms-21-03400],[@B43-ijms-21-03400]\]. KIM-1 is also a potential biomarker for glomerular injury in proteinuric kidney disease \[[@B44-ijms-21-03400]\]. N-Cadherin is expressed in multiple tissues and acts to mediate cell-cell adhesion. In mesangial cells, N-cadherin plays a role in counteracting tensional forces generated in glomerular capillary walls \[[@B45-ijms-21-03400]\]. Some literature is emerging suggesting that loss of cadherins is a critical initial step in eliciting progressive kidney disease and further stimulating cell migration \[[@B46-ijms-21-03400],[@B47-ijms-21-03400]\], as evidenced by many studies \[[@B48-ijms-21-03400]\]. In clinical prescriptions, a regular dose of Bic is 30--60 μM, which we showed to have caused significant LDH release and KIM-1 upregulation ([Figure 1](#ijms-21-03400-f001){ref-type="fig"}a--c) at 24 h and to have simultaneously downregulated N-cadherin ([Figure 1](#ijms-21-03400-f001){ref-type="fig"}b, 1d) in our cell model, implying the probability that Bic at a dose of ≥60 μM might induce AKI.

It is worth mentioning that in addition to the biomarkers of KIM-1 and N-cadherin, neutrophil gelatinase-associated lipocalin (NGAL) is a very useful biomarker widely expressed in a variety of cell types, including neutrophils, mesangial cells and tubular cells \[[@B49-ijms-21-03400],[@B50-ijms-21-03400]\]. NGAL is upregulated in resident cells in response to renal injury, as demonstrated in patients with acute nephrotoxicity or proliferative glomerulonephritis \[[@B51-ijms-21-03400]\]. The severity of kidney injury and sensitivity of NGAL have been applied translationally, where serum and urine NGAL levels were successfully used for non-invasive assessments of renal damage in increasing numbers of clinical conditions \[[@B49-ijms-21-03400],[@B50-ijms-21-03400]\] and this is worth evaluating in our future research work.

2.2. Oxidative Stress Induced by Bic in RMCs Is Dose-dependent {#sec2dot2-ijms-21-03400}
--------------------------------------------------------------

Of all cellular ROS sources, electron leakage from the mitochondrial electron transfer chain to molecular oxygen generates a steady flux of superoxide anion (^●^O~2~^−^) and thus constitutes a major site of cellular ROS production \[[@B52-ijms-21-03400],[@B53-ijms-21-03400]\]. Dihydroethidium (DHE) is known to be the most specific fluorescent probe for superoxide detection \[[@B54-ijms-21-03400]\]. After treatment with 30 and 60 μM Bic for 1 h, the percentage of ethidium-positive cells was seen to increase in a dose-dependent manner, at proportions of 36% and 51%, respectively, compared to 23% in the control group ([Figure 2](#ijms-21-03400-f002){ref-type="fig"}a). 2′, 7--dichlorofluorescin diacetate (DCFDA) fluorescence is triggered by oxidation via hydrogen peroxides and hydroxyl radicals \[[@B55-ijms-21-03400]\]. Bic induced free radicals and also non-radicals of ROS production, as revealed by the intensity of fluorescence in time- (10--60 min) and dose-dependent (0--60 μM) manners ([Figure 2](#ijms-21-03400-f002){ref-type="fig"}b) and the cell density was also likely correspondingly reduced ([Figure 2](#ijms-21-03400-f002){ref-type="fig"}b). A significant increase in oxidative stress was described in Bic-treated PCa cells; thus oxidative stress and apoptosis via caspase-3 activation are key executioners in caspase-mediated cell death \[[@B56-ijms-21-03400]\].

2.3. Mitochondrial Deterioration Affected by Bic in RMCs {#sec2dot3-ijms-21-03400}
--------------------------------------------------------

In healthy cells with a high mitochondrial potential (Δψ~M~), JC-1 spontaneously forms J-aggregates with emission of intense red fluorescence (fluorescence emission at \~590 nm). While in apoptotic or unhealthy cells with a low Δψ~M~, JC-1 shows only green fluorescence (fluorescence emission at \~529 nm) \[[@B57-ijms-21-03400]\]. Consequently, JC-1 is widely used in apoptosis studies to monitor mitochondrial health \[[@B57-ijms-21-03400]\].

As can obviously be seen, in the control group, the content of red J-aggregate prevailed, while the aggregates decreased and green monomers dose-dependently increased with Bic at 24 h, implying a decreasing effect of Bic on the membrane potential (Δψ~M~) ([Figure 3](#ijms-21-03400-f003){ref-type="fig"}a). Bic induced apoptosis by depolarization of the MMP in the PC-3 PCa cell line \[[@B58-ijms-21-03400]\]. In parallel, FCCP, a protonophore that can depolarize mitochondrial membranes, was added as a positive control for JC-1 staining \[[@B59-ijms-21-03400]\]. We found that most green fluorescence appeared in RMCs after treatment with FCCP (10 μM) for 1 h ([Figure 3](#ijms-21-03400-f003){ref-type="fig"}a). Mitochondrial oxidative phosphorylation (OXPHOS) plays a central role in ATP production. Renal tissues are highly dependent on oxygen and are especially susceptible to a defective OXPHOS status, which in turn may decrease Δψ~M~ for ATP synthesis in a variety of kidney diseases \[[@B60-ijms-21-03400]\]. An in vivo 5/6 nephrectomy CKD model displayed marked mitochondrial dysfunction with decreases in the MMP, ATP production and mitochondrial (mt)DNA copy number and an increase in mitochondrial ROS in renal tissues \[[@B61-ijms-21-03400]\]. Consistent with this, under a 3D live microscope, it was found that in RMCs treated with 60 μM Bic, the mitochondrial mass obviously decreased and instead, more lysosomes appeared at 48 h ([Figure 3](#ijms-21-03400-f003){ref-type="fig"}b). A vast number of pathological conditions are associated with imbalances in the mitochondrial mass \[[@B62-ijms-21-03400]\]. It is known that mitochondria respond to stress by attempting to maintain their structure and composition \[[@B63-ijms-21-03400]\]. Damaged mitochondria are identified by autophagosomes and are subsequently degraded by lysosomes \[[@B63-ijms-21-03400]\]. In an animal model of experimental proteinuria, activities of lysosomal enzymes in the renal cortex and urine were significantly higher in proteinuric compared to non-proteinuric rats \[[@B64-ijms-21-03400]\]. Previously, Widlansky et al.'s study recognized such a phenomenon in mononuclear cells of type 2 diabetes mellitus (T2DM) patients \[[@B65-ijms-21-03400]\]. It was proposed that Bic induced mitochondrial damage in RMCs, which may worsen the progression of diabetic kidney disease.

Normally in most eukaryotic cells, the double-membrane structure of mitochondria constitutes three divided regions and two compartments, designated the outer mitochondrial membrane (OMM), the intermembrane space, the inner mitochondrial membrane (IMM) that forms cristae and the matrix \[[@B66-ijms-21-03400]\]. Cristae harbor respiratory chain complexes that are embedded within and peripheral to the membrane, forming a tightly organized unit critical for efficient electron transfer via the OXPHOS system \[[@B67-ijms-21-03400]\], which however can be further modulated by morphological changes in the IMM. In untreated RMCs, there was an immense population of elongated mitochondria with the clear appearance of cristae ([Figure 3](#ijms-21-03400-f003){ref-type="fig"}c). In contrast, when RMCs were treated with Bic at 30 or 60 μM for 48 h, most of the mitochondria were damaged, appearing moderately or severely swollen and lacking cristae. Importantly, these ultrastructural changes well coincided with a tendency of a decrease in the membrane potential ([Figure 3](#ijms-21-03400-f003){ref-type="fig"}a, c). Mitochondrial swelling might be an early sign of apoptosis \[[@B68-ijms-21-03400]\]. Disturbance of cristae may affect the structure of the OXPHOS system, which impairs cellular metabolism and growth \[[@B67-ijms-21-03400]\].

Controversially, a study by Ball et al (2016) reported that 'Bicalutamide was not found to be a mitochondrial toxicant" and we suspect that different cell lines have different susceptibilities \[[@B69-ijms-21-03400]\]. Ball et al. used HepG2 cells, while ours were RMCs. The former cells are like liver cells, while the latter are of renal cell origin and there must be some tissue-specific tolerance and susceptibility \[[@B69-ijms-21-03400]\].

2.4. Bioenergetic Profile of RMCs Affected by Bic {#sec2dot4-ijms-21-03400}
-------------------------------------------------

As the MMP was altered, we next used an Agilent Seahorse XFe96 Analyzer to determine whether Bic affects mitochondrial function and the bioenergenesis of RMCs. Normally, intracellular substrate oxidation produces ATP at the expense of oxygen consumption. The entire electron transport chain is predominantly controlled by parallel re-entry pathways through ATP synthase and proton leakage \[[@B70-ijms-21-03400]\]. The addition of mitochondrial inhibitors such as a combination of rotenone (an inhibitor of complex I) and antimycin (an inhibitor of complex III) can completely shut down the electron transport chain even when complex V is already inhibited \[[@B71-ijms-21-03400]\]. The entire range of the mitochondrial OCR measured by the Seahorse assay is shown in [Figure 4](#ijms-21-03400-f004){ref-type="fig"}a. Respective ranges of the OCR affected by the control and Bic at 30 and 60 μM were: basal respiration (20.4 ± 2.0, 17.3 ± 1.8 and 12.9 ± 4.0 pmol/min/μg protein), proton leakage (6.7 ± 1.0, 4.7 ± 1.1 and 4.1 ± 1.0 pmol/min/μg protein), maximal respiration (28.5 ± 3.0, 22.8 ± 3.0 and 18.8 ± 5.0 pmol/min/μg protein) and ATP production (14.7 ± 5.2, 12.9 ± 1.0 and 9.0 ± 1.0 pmol/min/μg protein) ([Figure 4](#ijms-21-03400-f004){ref-type="fig"}b--e). The basal respiration, maximal respiration and ATP production in RMCs were all significantly suppressed by treatment with Bic (60 μM) for 24 h (*p* \< 0.05) ([Figure 4](#ijms-21-03400-f004){ref-type="fig"}b--e). Consistent with our results, Ming et al. indicated that a clinically relevant dose of Bic (2 mg/kg/day) (for a 70 kg male, about 140 mg per day) decreased tumor oxygenation by 45% within 24 h \[[@B72-ijms-21-03400]\]. A rather interesting phenomenon reported by Pignatta et al. demonstrated that prolonged exposure to Bic therapy may generate an androgen-independent phenotype with alteration of mitochondrial dynamics and breakdown in the Drp-1-mediated mitochondrial network \[[@B73-ijms-21-03400]\]. Recent studies demonstrated that targeting the phosphatidylinositide 3-kinase (PI3K)/AKT signaling pathway is a major strategy for treating androgen-independent PCa \[[@B74-ijms-21-03400]\] or alternately meclofenamic acid can be prescribed. Meclofenamic acid is a nonsteroidal anti-inflammatory drug that has shown therapeutic potential for different types of cancers, including androgen-independent PCa \[[@B75-ijms-21-03400]\]. The time point for intervention application was suggested to be at the point when the level of prostate-specific antigen retrogrades.

When electron transport chain inhibitors are added, residual oxygen consumption (ROX) is due only to non-mitochondrial respiration caused by some oxidases and other cellular enzymes \[[@B69-ijms-21-03400]\]. ROX was increased by Bic therapy in a dose-dependent manner ([Figure 4](#ijms-21-03400-f004){ref-type="fig"}f). As seen, after treatment with 30 μM Bic, the value remained high at 145.5 mmHg until 20 min but declined to 143.2 mmHg at 27 min. A higher dose (60 μM) of Bic yielded a higher ROX, which was suppressed from 151 mmHg (at 3 min) to 150 mmHg at 27 min ([Figure 4](#ijms-21-03400-f004){ref-type="fig"}f).

2.5. Bic Increased HIF-1α Transcriptional Activity and HIF-1α mRNA, Resulting in Accumulation of the HIF-1α Protein {#sec2dot5-ijms-21-03400}
-------------------------------------------------------------------------------------------------------------------

The HIF-1α protein is a critical transcription factor in adaptive responses to hypoxia. Under hypoxia, stabilized HIF-1α is translocated into nuclei, where it heterodimerizes with HIF-1β, is then activated and accumulates in cells \[[@B29-ijms-21-03400]\]. Compared to the control (0 μM Bic), *hif-1α* transcriptional activity was found to have increased only at 24 h after treatment with Bic and an obvious difference was also found between treatment with 30 and 60 μM Bic ([Figure 5](#ijms-21-03400-f005){ref-type="fig"}a). Simultaneously, the quantity of *hif-1α* mRNA at 24 h was found to have increased in a dose-dependent manner ([Figure 5](#ijms-21-03400-f005){ref-type="fig"}b) and triggering of *hif-1α* mRNA seemed to occur simultaneously with the increase in *hif-1α* transcription activity ([Figure 5](#ijms-21-03400-f005){ref-type="fig"}a, b). Coincidently, amounts of HIF-1α were also elevated to 1.26- and 1.41-fold at 24 h by 30 and 60 μM Bic, respectively. However, HIF-1α induced by Bic rapidly decreased to 0.83- and 0.4-fold at 48 h after treatment (*p* \< 0.05) ([Figure 5](#ijms-21-03400-f005){ref-type="fig"}c).

Much of the literature mentions some solid supporting evidence for this finding. In response to acute hypoxia, HIF-1α rapidly accumulates in cells due to inactivation of oxygen-sensitive prolyl hydroxylase \[[@B76-ijms-21-03400]\]. Prolonged hypoxia initiates CHIP (a prolyl hydroxylase-independent E3 ligase)-mediated HIF-1α degradation and lowers its cellular levels \[[@B77-ijms-21-03400],[@B78-ijms-21-03400]\]. HIF-1α and its downstream targets may offer only short-term protection following ischemia-reperfusion injury in myocardial cells \[[@B79-ijms-21-03400]\]. On the other hand, HIF-1α also triggers apoptosis, possibly in cases where cellular responses are insufficient to meet energy demands under hypoxic conditions \[[@B80-ijms-21-03400]\].

2.6. Bic Induced Cell Apoptosis via BNIP3-Caspase 3 Signaling and Modulation of HIF-1α Partially Inhibited Cell Death in RMCs {#sec2dot6-ijms-21-03400}
-----------------------------------------------------------------------------------------------------------------------------

HIF target genes are involved in cellular apoptosis and profibrotic mechanisms \[[@B81-ijms-21-03400]\]. BNIP3, which belongs to the Bcl-2 protein family of proapoptotic proteins that regulate programmed cell death, is expressed in nuclei and the cytoplasm during hypoxia, acting as a hypoxia-induced protein involved in cell death and survival \[[@B82-ijms-21-03400]\]. BNIP3 expression by mitochondria induces apoptosis and can overcome cell death suppressed by Bcl-2 \[[@B82-ijms-21-03400]\]. As shown in [Figure 6](#ijms-21-03400-f006){ref-type="fig"}a, b, the BNIP-3 signal was respectively upregulated by Bic at 30 and 60 μM by 1.48- and 1.67-fold (*p* \< 0.05). In parallel, Bic was found to upregulate cleaved-caspase-3 at 30 and 60 μM ([Figure 6](#ijms-21-03400-f006){ref-type="fig"}a, c, d), evidencing an increased apoptotic effect by Bic.

Further, we used Roxadustat (FG-4592), an inhibitor of prolyl hydroxylase, to examine whether this compound could abolish the apoptotic effect of HIF-1α. Results showed that Bic caused 1.59, 2.88 and 2.20-fold increase of early, late and total apoptosis compared to control respectively ([Figure 7](#ijms-21-03400-f007){ref-type="fig"}). The significant improvements of RMCs co-treated with Bic and FG-4592 are shown by 1.42, 2.51 and 1.97-fold of cells in the early, late and total apoptosis compared to control respectively ([Figure 7](#ijms-21-03400-f007){ref-type="fig"}). The FG-4592 was only partially effective in reducing apoptosis mediated by Bic, implying that multiple mechanisms excluding HIF-1α are involved in the apoptotic phenomenon. Emerging evidence has suggested that FG-4592 plays the role in treating CKD anemia \[[@B83-ijms-21-03400]\], the co-treatment of FG-4592 might protect the RMC cells against Bic-induced kidney injury.

In summary, Bic exhibited a certain degree of cytotoxicity even at regular doses prescribed for patients. Bic caused LDH release, upregulation of KIM and downregulation of N-cadherin. Bic elicited excessive production of ROS, membrane potential depolarization, mitochondrial swelling and a decreased mitochondrial population and consequently, the OCR and ATP production were dose-dependently inhibited. In parallel, Bic dose- and time-dependently upregulated *hif*-1α transcription and *hif-1α* mRNA. A summary of Bic-induced renal mesangial cell damage is shown in [Figure 8](#ijms-21-03400-f008){ref-type="fig"}. However, the appearance of HIF-1α reached peak values at 24 h, then rapidly declined to 48 h. On the other hand, Bic dose-dependently upregulated BNIP3, cleaved caspase-3 and elicited cell apoptosis, including early and late apoptosis. Furthermore, apoptosis induced by Bic was partially ameliorated by FG-4592.

Meanwhile, to prevent adverse effects induced by Bic, some nutraceutic compounds are suggested to be applied as adjuvant therapy to ameliorate or prevent the mitochondrial dysfunction, such as coenzyme Q, which is also dependent on vitamins B2, B6, B12 and C, folic acid, pantothenic acid and niacinamide \[[@B84-ijms-21-03400]\]. As is well known, vitamins B1, B2 and B6, niacin, biotin, folic acid and pantothenic acid are all important modulators or cofactors in metabolic pathways that assist mitochondrial respiration and energy production. In addition, vitamins C and E, niacin and folic acid are effective scavengers of free radicals and diminish the formation of mitochondrial oxidants and the aging of mitochondria.

3. Materials and Methods {#sec3-ijms-21-03400}
========================

3.1. Chemicals {#sec3dot1-ijms-21-03400}
--------------

Bicalutamide (Bic), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dulbecco's modified Eagle medium (DMEM), tetramethyl ethylene diamine (TEMED) and FG4592 were provided by Sigma-Aldrich (St. Louis, MO, USA). The enhanced chemiluminescence (ECL) system was a product of Merck Millipore (Billerica, MA, USA). The PRO-PREP Protein Extraction Solution was provided by iNtRON Biotech. (Kyungki-Do, Korea). JC-1, dihydroethidium (DHE) and dichlorodihydrofluorescein diacetate (DCFDA) were provided by Millipore Sigma (St. Louis, MO, USA). The 2% charcoal-containing fetal bovine serum (FBS) was provided by GeneTex (Irvine, CA, USA).

3.2. Cell Culture {#sec3dot2-ijms-21-03400}
-----------------

A rat mesangial cell (RMC) line was provided by the Bioresource Collection and Research Center (Hsinchu, Taiwan). RMCs were cultured in modified DMEM containing 25 mM glucose, 15% FBS, 4 mM L-glutamine, 1.5 g/L of sodium bicarbonate, 0.4 mg/mL of G418 and 0.4% phosphate-buffered saline (PBS) and incubated at 37 °C under a 5% CO~2~ atmosphere. After cells had completely adhered, the medium was replaced with 2% charcoal FBS DMEM and incubated overnight (for 12--16 h). Then the indicated drugs were applied at 30 and 60 μM Bic that was previously prepared in DMEM with 2% charcoal FBS. The medium was replaced with fresh medium and cells were incubated for different periods as indicated.

3.3. Lactic Dehydrogenase (LDH) Assay {#sec3dot3-ijms-21-03400}
-------------------------------------

Cells were cultured as described above. Drugs were applied and the LDH assay was carried out after 48 h using a Cayman LDH Cytotoxicity Assay Kit (cat. No. K601170). The optical density was measured at 490 nm.

3.4. Flowcytometric Analysis for DHE-Oxidative Stress {#sec3dot4-ijms-21-03400}
-----------------------------------------------------

Following a method described by Owusu-Ansah et al. \[[@B85-ijms-21-03400]\], a DHE oxidative stress assay was carried out. As a cell-permeable reagent, DHE is a red dye that is useful for detecting ROS. All cell groups were cultured as indicated. Bic at the indicated doses was incubated for 60 min. The medium was removed and cells were harvested with the addition of tyrosine. The fluorescent intensity of DHE was monitored under an excitation wavelength of 480--520 nm and an emission wavelength of 570--600 nm using the MCH100111 Mouse^™^ Oxidative Stress Kit (Merck-Millipore, Dresden, Germany).

3.5. Fluorescent Staining for DCFCA-Oxidative Stress {#sec3dot5-ijms-21-03400}
----------------------------------------------------

According to Owusu-Ansah et al. \[[@B85-ijms-21-03400]\] and following instructions of the manufacturer (Merck-Millipore), cells were cultured as described above. Bic at the indicated doses was applied. Media in samples obtained at 10 and 60 min were removed and replaced with 200 μL of DMEM containing 20 μM DCFDA and 2% FBS. Cells were incubated at 37 °C under a 5% CO~2~ atmosphere for 1 h. After removing the medium, cells were rinsed with PBS several times and cells were observed under a fluorescent microscope (Olympus, Tokyo, Japan).

3.6. JC-1 Assay for the Mitochondrial Membrane Potential (MMP) {#sec3dot6-ijms-21-03400}
--------------------------------------------------------------

RMCs were trypsinized and seeded onto 3.5-cm culture dishes. When cells had completely adhered, the medium was replaced with fresh 2% charcoal FBS DMEM and incubated overnight. Bic was added at the indicated concentrations and incubated for 24 h. The medium was then removed and replaced with 2% charcoal FBS DMEM containing 1 μg/mL of JC-1. Cells were incubated at 37 °C for 30 min under a 5% CO~2~ atmosphere. The medium was removed and observed with a Leica TCS SP5 Confocal Spectral Microscope Imaging System (Buffalo Grove, IL, USA). JC-1 green-fluorescent monomers that formed at depolarized membrane potentials were detected at Ex/Em = 514/529 nm and orange-fluorescent J-aggregates that formed at hyperpolarized membrane potentials were detected at Ex/Em = 585/590 nm.

Alternately, FCCP (10 μM), a protonophore, was added to untreated cell cultures at a concentration of 50 nM to depolarize mitochondrial membranes as the positive control. Approximately 10 min after the addition of the uncoupler, cells were illuminated at Ex/Em (nm) = 514/529 nm for green monomers and Ex/Em (nm) = 585/590 nm for J-aggregates.

3.7. Nanolive 3D Cell Explorer {#sec3dot7-ijms-21-03400}
------------------------------

RMCs (400 µl) were seeded into 35-mm tissue culture dishes at a density of 6 × 10^4^ cells/dish overnight. After cells had totally adhered, the medium was replaced with 2% charcoal FBS-DMEM and incubated overnight. Then RMCs were treated with 60 μM Bic for 48 h or left untreated, after which cells were transferred to phenol red-free medium. Dishes were then placed on a Nanolive 3D cell explorer (NanoLive, Lausanne, Switzerland) and images are taken at 600 × magnification.

3.8. Transmission Electron Microscopy (TEM) {#sec3dot8-ijms-21-03400}
-------------------------------------------

RMCs (3 × 10^5^) were seeded into poly-L-lysine-coated two-well chamber slides and treated with 30 and 60 μM Bic for 24--48 h. Cells were fixed in 0.1 M cacodylate solution containing 2% paraformaldehyde and 2.5% glutaraldehyde for 1 h. After removing the fixative solution, cells were rinsed thrice with buffer solution containing 0.1 M cacodylate and 7% sucrose, for 15 min each time. Specimens were stained with 1% OsO~4~ contrast solution (in 0.1 M cacodylate buffer) for 1--2 h and then subjected to a gradient ethanol dehydration method (i.e., 70% ethanol for 15 min; 80% ethanol for 15 min; 90% ethanol for 15 min; 95% ethanol twice, each time for 15 min; and finally 100% ethanol thrice, each time for 15 min). Dehydrated specimens were treated thrice with propylene oxide (PO), each time for 10 min. The resin was evacuated under a vacuum for 8 h and PO/resin (1:1) was mixed and evacuated under a vacuum overnight. Specimens were embedded and heated to 62 °C in the oven for 48--72 h until completely set, then reshaped, sliced and analyzed by HT7700 TEM (Hitachi, Tokyo, Japan) for access to intracellular ultrastructures.

3.9. Cellular Bioenergetic Analysis using the Seahorse XF Analyzer {#sec3dot9-ijms-21-03400}
------------------------------------------------------------------

The entire protocol was carried out following instructions of the manufacturer (Agilent Technology, Santa Clara, CA, USA). RMCs were seeded onto a collagen-coated XF 96-well cell culture microplate (2.5 × 10^4^ cells/100 μL of medium/well) and incubated overnight (at 37 °C in 5% CO~2~). Bic at indicated doses was applied for 24 h. Then, cell culture medium was replaced with 175 μL of unbuffered Seahorse XF Base medium supplemented with 25 mM of glucose, 2 mM of L-glutamine and 1 mM of sodium pyruvate at 1 h before the measurement. Prior to the measurement, the Seahorse XF analyzer gently mixed the assay medium in each well for 10 min to enable the oxygen partial pressure to reach equilibrium. The OCR was then measured three times to establish a baseline rate prior to an acute injection of Bic. The following was the procedure for the Cell Mito Stress Test (Agilent Technology): (1) basal respiration was measured in unbuffered medium; (2) oligomycin (1 μM), an inhibitor of ATP synthesis, was injected to determine respiration linked to ATP production; (3) FCCP (2 μM), a mitochondrial oxidative phosphorylation uncoupler, was added to measure maximal respiration; and (4) antimycin A and rotenone (1 μM each) were applied in combination to block respiration due to the simultaneous inhibition of complexes III and I, respectively \[[@B86-ijms-21-03400]\]. The OCR and basal extracellular acidification rate (ECAR) were measured in real time. The basal respiration, proton leakage, ATP-linked OCR, maximal respiration and spare respiratory capacity were calculated. All assays used DMSO at ≤0.5% as a vehicle control \[[@B69-ijms-21-03400]\].

3.10. Measurement of HIF-1α Transcriptional Activity {#sec3dot10-ijms-21-03400}
----------------------------------------------------

HIF-1α transcriptional activity was analyzed by an HIF-1α transcription factor assay kit (Cayman, Ann Arbor, MI, USA). RMCs (4 × 10^6^ cells/mL) were seeded and grown in 10-cm culture dishes overnight. Then Bic at 30 or 60 μM was applied for 3, 6 and 24 h. Transcription activity of HIF in the nuclear extract was detected at OD 450 nm.

3.11. Quantitative Polymerase Chain Reaction (qPCR) for hif-1α mRNA {#sec3dot11-ijms-21-03400}
-------------------------------------------------------------------

RMCs were cultured and treated with Bic as indicated. Total RNA was extracted, isolated and purified with a Novel Gene Total RNA Purification Mini Kit (Yu-Shing Biotech, Taipei, Taiwan) at 6 and 24 h. After the amount of RNA was quantified using a Nano-Drop 1000 Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA), 1 μg of RNA was subjected to a qPCR to produce complementary (c)DNA (GoScript™ Reverse Transcription System, Promega, Madison, WI, USA). A real-time thermocycler (Analytik Jena, Upland, CA, USA) was used to perform the reactions as follows---1 cycle of pre-denaturation at 95 °C for 3 min and then 35 cycles sequentially processed according to the sequence: denaturation at 95 °C for 15 s; annealing at 59 °C for 30 s; and extension at 72 °C for 30 s, followed by one cycle final extension at 72 °C for 10 min and one cycle cool-down at 4 °C for 10 min. The LabStarTM SYBR QPCR Kit (Taigen Bioscience, Taipei, Taiwan) was adopted for fluorescence detection. The respective primers used were: *hif1α*, forward 5'-CAATTCTCCAAGCCCTCCGA-3' and reverse 5'-ATTCATCAGTGGTGGCAGTTG-3' and *β-actin*, forward 5'-ATGGTGGGTATGGGTCAGAA-3' and reverse 5'-CACACGCAGCTCATTGTAGA-3'. Amplifications was normalized to *β-actin* using the 2^−△△^CT method \[[@B87-ijms-21-03400]\].

3.12. Western Blotting {#sec3dot12-ijms-21-03400}
----------------------

RMCs were treated with Bic for 24--48 h as indicated. Extraction of cytoplasmic and nuclear proteins was carried out as instructed by the cytoplasmic and nuclear protein extraction kit (Biotools, New Taipei City, Taiwan). The proteins obtained were transferred into new Eppendorf flasks and stored at −80 °C. A previously described standard protocol was used \[[@B88-ijms-21-03400]\]. Specific primary antibodies (1:1000× with 0.1% TBST) used in this study included N-cadherin (ab76011) from Abcam (Cambridge, MA, USA); Lamin-B1 (ab133741), HIF-1α (GTX127309), BNIP-3 (GTX111876) from GeneTex (Irvine, CA, USA); KIM-1 (ab190696) from Abcam (Cambridge, UK); Caspase-3 (nos. 9661 and 9662) a product of Cell Signaling Technology (Danvers, MA, USA); and β-actin (AC-15) and GAPDH (NB300-221) purchased from Novus (Abingdon, UK). The Western blot analysis was repeated at least three times. Original Western blot images are provided in [Supplemental Figures S2--S5](#app1-ijms-21-03400){ref-type="app"}.

3.13. Annexin V assay for Apoptosis {#sec3dot13-ijms-21-03400}
-----------------------------------

In order to elucidate the role of HIF-1 in cell apoptosis, FG-4592 (Sigma-Aldrich, St. Louis, MO, USA) was used to interfere with the effect of HIF-1. FG-4592 is a small molecule that acts as a modulator of polyhydroxylase which can degrade HIF \[[@B83-ijms-21-03400]\].

The cell apoptosis analysis was carried out with an MCH100105 Muse^®^ Annexin V and Dead Cell Kit on a Muse Cell Analyzer (Merck-Millipore, Dresden, Germany) following the protocols of the manufacturer. In brief, RMCs were seeded onto six-well plates at a density of 4 × 10^5^ cells/well in 2% charcoal FBS. The medium was aspirated off, replaced with new medium containing the target medicine Bic (at 0 and 60 μM, respectively) in 2% charcoal FBS and co-incubated with FG-4592 (at 2.5 μM) for 24 h. Cells with medium were harvested, treated with trypsin for 3 min, transferred to a centrifuge tube and centrifuged at 1000× *g* for 5 min. The supernatant was aspirated off. A PBS wash was added, agitated well and centrifuged for 5 min at 1000× *g*. The supernatant was aspirated off and new medium containing 2% charcoal FBS (1 mL) was added and mixed well. To an aliquot of 100 μL of the culture, 100 μL of the Annexin V solution (Millipore MCH100105) was added and mixed well. The mixture was left to react for 20 min in the dark avoiding direct sunlight. The solution was subjected to Muse and analyzed with Muse 1.3.1. software (Luminex, Chicago, IL, USA).

3.14. Statistical Analysis {#sec3dot14-ijms-21-03400}
--------------------------

All data were analyzed by Student's *t*-test in SPSS 10.0 software (SPSS, Chicago, IL, USA). An analysis of variance (ANOVA) was also adopted with Tukey's test to analyze variances and significances of difference between paired means. The significance level was judged by the *p* value. \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.005.

4. Conclusions {#sec4-ijms-21-03400}
==============

Bic has been used as one of the effective antiandrogens. The regular dose is around 50--250 mg/day. However, even at such doses, it has frequently been reported to have adverse effects associated with cardiovascular and renal damage. We showed that Bic selectively damaged RMC kidney cells, the etiology of which was due to the immense production of ROS and the mitochondrial damage that resulted in a decreased OCR. Speculatively, patients afflicted with renal diseases and DM may be more severely injured than those without those complications. Moreover, prolonged Bic treatment may induce upregulation of HIF-1α, KIM-1 and BNIP3, resulting in cell apoptosis in the renal organ. Consequently, when Bic is prescribed for patients, it is warranted to take these adverse effects of Bic into consideration, in particular, for DM patients.
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The following are available online at <https://www.mdpi.com/1422-0067/21/9/3400/s1>. Figure S1. Cluster plot of the pathological score of in vivo experimental rats with diabetic nephropathy; Original Western blot images are provided in Supplemental Figures S2--S5.
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![Lactate dehydrogenase (LDH) assay and the Western blot of kidney injury molecule (KIM)-1 and N-cadherin in rat mesangial cells (RMCs). Cells were treated with bicalutamide (Bic) at concentrations of 30 and 60 μM at 24 h. (**a**) LDH release was increased by Bic (*n* = 3, \* *p* \< 0.05). (**b**) A representative blot of protein expressions of KIM-1 and N-cadherin. GAPDH was used as an internal control. (**c**) Quantitative data of Western blotting of KIM-1(*n* = 3, \* *p* \< 0.05). (**d**) Quantitative data of Western blotting of N-cadherin (*n* = 3, \* *p* \< 0.05). When RMCs were treated with Bic, N-cadherin dose-dependently decreased, however KIM-1 was significantly induced in the group treated with 60 μM.](ijms-21-03400-g001){#ijms-21-03400-f001}

![Measurement of oxidative stress. Reactive oxygen species (ROS) production induced by bicalutamide (Bic) was measured by (**a**) dihydroethidium (DHE) flow cytometry at 60 min and (**b**) dichlorodihydrofluorescein diacetate (DCFDA) staining at 10 and 60 min (^\#^ *p* \< 0.05; \*\* *p* \< 0.01; Scale bar=100 μM). Bic dose-dependently induced ROS production, as shown by DHE flow cytometry and DCFDA fluorescence staining. Data are expressed as the mean±standard deviation (*n* = 3).](ijms-21-03400-g002){#ijms-21-03400-f002}

###### 

Estimation of the mitochondrial membrane potential and morphological changes. (**a**) Cells were treated with bicalutamide (Bic) at 30 and 60 μM for 24 h. JC-1 staining showed changes in the mitochondrial potential affected by Bic therapy. Scale bar = 250 μM (**b**) Living cell tomographic microscopy of rat mesangial cells (RMCs) affected by Bic (60 μM) at 48 h as viewed with Nanolive 3D cell explorer (microscale length: 20 μm, magnification: × 400). Control images revealed mitochondria containing many fibrous structures (indicated by a red arrow, also see enlarged insert), which were less seen in Bic (60 μM)-treated cells and clusters of lysosomes instead appeared in treated cells (indicated by a green arrow, also see enlarged insert). (**c**) Morphological changes in mitochondria after being treated with Bic at 30 and 60 μM for 48 h. As seen, the mitochondria treated with 30 μM Bic were only slightly swollen, while those treated with 60 μM were severely swollen (![](ijms-21-03400-i001.jpg)red arrow: mitochondria). Scale bar = 2 μm.
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###### 

Parameters of the mitochondrial oxygen consumption rate (OCR) and residual oxygen affected by bicalutamide (Bic). Rat mesangial cells (RMCs) were untreated or treated with Bic at doses of 30 and 60 μM for 24 h. The basal respiration, maximal respiration and ATP production in cells all decreased. More residual oxygen consumption (ROX) remained at the higher dosage of Bic. (**a**) Time course and OCR curve plot obtained by a Seahorse analyzer. Quantification of changes in parameters induced by Bic treatment included (**b**) basal respiration, (**c**) proton leakage, (**d**) maximal respiration, (**e**) ATP production and (**f**) time course of residual oxygen in RMCs untreated or treated with Bic at 30 and 60 μM. Data are expressed as the mean±standard deviation (*n* = 3). \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.005 compared to untreated cells; ^\#^ *p* \< 0.05, ^\#\#^ *p* \< 0.01 compared to 30 μM Bic-treated cells.
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###### 

(**a**) Hypoxia-inducible factor (HIF)-1α transcriptional activity assay. Cells were untreated or treated with bicalutamide (Bic) at doses of 30 and 60 μM for 3--24 h and *hif-1α* transcriptional activity was analyzed with a commercial kit (Cayman). Hif-1α transcriptional activity had only increased at 24 h after treatment with Bic. (**b**) Quantitative polymerase chain reaction (qPCR) for *hif-1α* mRNA. Rat mesangial cells (RMCs) were treated with Bic at doses of 30 or 60 μM for 24 h. Total RNA was extracted and reverse-transcribed to cDNA. *hif-1α* mRNA was detected according the protocol of a commercial SYBR green QPCR kit (Taigen Bioscience). *Hif-1α* mRNA dose-dependently increased. (**c**) Western blot analysis of the HIF-1α protein in RMC cells. Cells were treated with the indicated doses of Bic for 0--48 h. Nuclear proteins were subfractionated from total cell lysates and loaded onto SDS-PAGE gels. Blots were detected using antibodies of HIF-1α and lamin B. Lamin B was used as an internal control. Levels of HIF-1α protein expression were quantified by Image J software and normalized to that of lamin B. Representative images are shown and quantitative data are from three replicates. Data are expressed as the mean±standard deviation. \* *p* \< 0.05, \*\* *p* \< 0.01 compared to untreated cells; ^\#^ *p* \< 0.05, ^\#\#^ *p* \< 0.01 compared to 30 μM Bic-treated cells.

![](ijms-21-03400-g005a)

![](ijms-21-03400-g005b)

###### 

Expression and the quantitation of BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), cleaved-caspase-3 and caspase-3 in rat mesangial cells (RMCs) after being treated with bicalutamide (Bic) at 30 and 60 μM for 24 h. Total RMC lysates were loaded onto Western blots for analysis of BNIP3, caspase-3, cleaved caspase-3 and β-actin. β-actin served as the internal control. (**a**) Western blot of BNIP3 and cleaved caspase-3. (**b**) Bar diagram of BNIP3. (**c**) Bar diagram of cleaved caspase-3. (**d**) Bar diagram of caspase-3. Cleaved caspase 3 was significantly upregulated at 24 h after treatment. In contrast, caspase-3 was unaffectd (**d**). Data were obtained from triplicate determinations and results are expressed as the mean ± standard deviation. \* *p* \< 0.05, \*\* *p* \< 0.01 compared to the control.
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![Annexin V analysis of apoptosis of rat mesangial cells (RMCs) mediated by bicalutamide (Bic) and FG4592. Cells were co-treated with Bic (60 μM) for 24 h in the presence and absence of FG4592 (2.5 μM). (**a**) Upper panel: early apoptosis. (**b**) Middle panel: late apoptosis/dead. (**c**) Lower panel: total apoptosis. A statistical analysis of the cytometric data showed that FG4592 partially reversed apoptotic cells induced by Bic. Triplicate data were statistically analyzed and results are expressed as the mean ± standard deviation. \*\* *p* \< 0.01 compared to the control. ^\#^ *p* \< 0.05 compared to 60 μM Bic-treated cells.](ijms-21-03400-g007){#ijms-21-03400-f007}

![A graphic summary of bicalutamide-induced renal mesangial cell damage via mitochondrial dysfunction.](ijms-21-03400-g008){#ijms-21-03400-f008}
